8162 Biochemistry2002,41, 8162-8175

Structure-Function Studies of Analogues of Parathyroid Hormone (PTH$4
ContainingB-Amino Acid Residues in Positions $13"*

E. Peggion,® S. Mammi$ E. Schievand,L. Silvestri$ L. Schieblet A. Bisello,” M. Rosenblatt,and M. ChoreV

University of Padea, Department of Organic Chemistry, Biopolymer Research Center, CNR, Via Marzolo 1,
1-35131 Padea, Italy, Bone and Mineral Metabolism Unit, Charles A. Dana Thorndike Laboratories, Department of Medicine,
Beth Israel Deaconess Medical Center and band Medical School, 330 Brooklinez&nue, Boston, Massachusetts 02215 USA,
and Department of Medicine, Urersity of Pittsburgh, Pennsydnia, USA

Receied January 8, 2002

ABSTRACT. The 1-34 N-terminal fragments of human parathyroid hormone (PTH) and PTH-related protein
(PTHrP) elicit the full spectrum of bone-relevant activities characteristic of the intact hormones. The
structural elements believed to be required for receptor binding and biological activity are two helical
segments, one N-terminal and one C-terminal, connected by hinges or flexible points located around
positions 12 and 19. To test this hypothesis, we synthesized and characterized the following analogues of
PTH-(1—34), each containing single or double substitutions yimino acid residues around the putative
hinge located at position 12:. [Nle818a-Alalt12Naks3 Tyr34bPTH-(1-34)NH,; 1l. [Nled18 -
Ala213NaP3 Tyr3bPTH-(1—-34)NH,; Ill. [Nle8183-Ala'l,NaP3 Tyr3qbPTH-(1-34)NHy; IV. [NIed183-
hLeu,NaP3 Tyr39bPTH-(1-34)NH,; V. [Nle®8-Alal?, Nak3, Tyr3bPTH-(1-34)NHg; VI. [Nled18j-

Ala®3, NalP3 Tyr34bPTH-(1-34)NH, (5-hLeu= S-homeleucine;s-Ala = -alanine; Nak= L-2-naphthyl-
alanine; Nle= norleucine). Analogues andlll exhibit very low binding affinity and are devoid of
adenylyl cyclase activity. Analogui, despite its very low binding capacity is an agonist. Biological
activity and binding capacity are partially restored in analoyueand completely restored in analogues

V andVI. The conformational properties of the analogues were investigated in aqueous solution containing
dodecylphosphocholine (DPC) micelles as a membrane-mimetic environment using CD, 2D-NMR, and
molecular dynamics calculations. All peptides fold partially intodhkelical conformation in the presence

of DPC micelles, with a maximum helix content in the range 0f-36%. NMR analysis reveals the
presence of two helical segments, one N-terminal and one C-terminal, as a common structural motif in all
analogues. Incorporation gfAla dyads at positions 11,12 and 12,13 in analoduasdll , respectively,
enhances the conformational disorder in this portion of the sequence but also destabilizes the N-terminal
helix. This could be one of the possible reasons for the lack of biological activity in these analogues. The
partial recovery of binding affinity and biological activity in analogiye, compared to the structurally
similar analogudll , is clearly the consequence of the reintroduction of Leu side-chain of the native
sequence. In the fully active analogiésndVI, the helix stability at the N-terminus is further increased.
Taken together, these results stress the functional importance of the conformational stability of the helical
activation domain in PTH-(234). Contrary to expectation, insertion of a singkamino acid residue in
positions 11, 12, or 13 in analoguds —VI does not favor a disordered structure in this portion of the
sequence.

Human parathyroid hormone (PTHRBN 84-amino acid  and also plays a major role in the pathogenesis of humoral
linear peptide, is a major regulator of calcium homeostasis hypercalcemia of malignancit{2). It has been shown that
(1). Human parathyroid hormone-related protein (PTHrP), the N-terminal -34 fragments of PTH and PTHrP maintain
a 139-175 amino acid protein, is a key regulator of cell the same in vitro and in vivo biological activity as the intact
growth, differentiation, and development of the fetal skeleton,
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native sequences, and both interact with PTH1-receptor In an attempt to gain insight into all structural elements
(PTH1-rc), a cognate class Il G protein-coupled receptor, responsible for biological activity of PTH-{d34) and
abundant in bone and kidney. Both hPTH-@4) and PTHrP-(1-34), we have carried out conformational studies
hPTHrP-(134) activate at least two signaling pathways on a number of active and inactive analogues in membrane-
through the PTH1-rc: the adenylyl cyclase/PKA and PLC/ mimetic solvent system$/(9, 19—21). The results obtained
IPy/diacylglycerol/intracellular Ca transient/PKC pathways  so far indicate the presence of both the N- and C-terminal
(2). Signaling for both pathways is initiated through the same helices, and of hinges or flexible regions around positions
receptor, despite the low sequence homology of the two 12 and 19 in the biologically active analogues. On the basis
N-terminal fragments. The activation domains, located in the of these results, the hypothesis was made that hinge or
sequence 113 of both hormones, share eight identical flexibility sites, at distinct positions in the sequence con-
residues. In the C-terminal region-184, where the principal  necting the N- and C-terminal helices, are important structural
binding domain is located, hPTH-{B4) and hPTHrP-(% elements for bioactivity of PTH/PTHrP analogues. These
34) share only three identical residues and differ markedly structural motifs could play a functional role in receptor bind-
in the distribution of charges and hydrophobic moieties. On ing and activation events enabling the formation of the bio-
the basis of these observations, the hypothesis was proposeedctive conformation with the correct relative orientation of
that the two fragments must share the same bioactivethe two N- and C-terminal helices in the receptor-bound state.
conformation at the receptor binding site. To substantiate this working hypothesis, we designed the

In an effort to determine the structural elements responsible following bPTH-(1-34) analogues in which the conforma-
for biological activity, a number of conformational studies, tional propensity around the putative hinge site 12 was
recently reviewed by Wray et al3), have been carried out modified by substitutions witl$-Ala or -hLeu residues:
by different research group3-{11). Although there are some . A—-V—S—E—-1-Q—F—nL—H—N—-BA—BA—K—H—
controversial reports from various authors, there is a generalL —S—S—nL—E—R—V—E—Nal-L—R—K—K—-L—Q—D—
agreement on the presence of an essentially random structurg —H—N—Y-NH, ([Nle?18 -Alall12 Nak3 Tyr3|oPTH-(1—
in aqueous solution and of a partially ordered structure in 34)-NH,)
water/TFE mixtures or in aqueous solutions containing |, A—V—S—E—|—Q—F—nL—H—N-L—SA—BA—H—
detergent micelles. The ordered structure consists of two| —S—S—nL—E—R—V—E—Nal-L—R—K—K—-L—Q-D—
a-helical segments located at the N- and C-termini, connectedy —H—N—Y-NH, ([Nle818 -Alal213NaP3 Tyr34bPTH-(1—
by a structurally ill-defined region. The presence of these 34)-NH,)
structural elements in solvent systems which are generally ||, A—v—S—E—1-Q—-F—nL—H-N—-BA—G—K—H—
considered membrane-mimetic suggests that they are im- _s_ s n_—E—R—V—E—Nal-L—R—K—K—L—Q—-D—
portant for bioactivity. V—H—N—-Y-NH, ([Nle?18 g-Alall, NaP3 Tyr¥bPTH-(1—

There are discrepant reports regarding the presence of 384)-NHy)
tertiary structure. Pellegrini et al1?) and Wray et al. §) IV. A—V—S—E—I-Q—F—nL—H—-N—BhL—G—K—H—
reported that no unambiguous experimental evidence exists _g—g—n| —E—R—V—E—Nal-L—R—K—K—L—Q—D—
for any significant tertiary structure as suggested in early V—H—N=Y-NH, ([NIe?18 s-hLeu, NaP3 Tyr3|bPTH-(1—
work (13). Weak NOEs indicative of tertiary structure in 34)-NH,)
N-terminal PTH fragments-137, 1-34, 3-37, and 4-34 V. A=V —S—E——Q—F—nL—H—-N—-L—BA—K—H—-L—
in TFE-free solutions have been reported by Marx etlak— S—S—nL—E—R—V—E—Nal-L—R—K—K—L—Q—D—V—
15). However, these authors conclude that, due to the H—N—Y-NH, ([NIe®18 3-Ala’2, NaP3 Tyr*bPTH-(1—34)-
flexibility of the loop region around GW, the relative spatial NH>) ’ ' ’
position of the two N- and C-terminal helices is not fixed, VI. A—V—S—E—I—Q—F—nL—H-N-L—G—BA—H—
and no overall tertiary structure is preferred. In a recent work L—S.—S—nL—E—R—V—E—NaI—L—R—K—K—L—Q—D—
by the same groupl@) on PTHrP-(:-34) in near physi- NV 818 2_Alal3 03 oy 1
ological solution, no evidence for interaction between the VeH-N=YNH (INIe™ ™ f-Ala, Naf, TyrJoPTH-(1

, o .~ 34)-NH,) (nL = norleucine;phL = f-hLeu = f-homo

two helices was obtained by NMR and molecular dynamics leucine;BA = f-Ala = f-alanine; Nal= L-2-naphthylalanine).

calculations. Very recently, the same grodf)(studied the : . " . .
solution conformations of hPTH-(@34), hPTH-(1-39), and The insertion of additional methylene groups in the peptide
backbone was expected to increase the conformational

bPTH-(1-37) in 20% TFE solution. No tertiary structure i~ . .

. : e ._flexibility at this position of the sequence.

interactions were observed in this solvent system, and this In th h Cth thesis. biological

was attributed to the loss of hydrophobic interactions between n the present paper, we report the syntnesis, biologica

LeutS and Trg3. Very recently, Chen et al1@) studied the evaluation, and conformatlongl character_|zat|on by CD, 2D-
. NMR, and molecular dynamics calculations of these ana-

conformational properties of PTH-{131) in aqueous solu- I ; luti taining dodecviohosphocholi
tion containing 25 mM sodium phosphate, 0.2 mM EDTA, (ngg‘;’ Inqiigﬁggus solution containing dodecyiphosphochaline

and 300 mM NaCl by NMR and structure calculations. The
presence of the two N-terminal and C-terminal helices was EXPERIMENTAL SECTION

confirmed, but only very weak interhelical NOEs were found,

indicating that there are not very close contacts between the Materials.Boc-3-Ala-OH, Boc-Nle-OH, and Boc-2-naph-
two helices, or that conformational averaging of structures thylalanine (Boc-Nal-OH) were purchased from Bachem
with different relative orientation of the two helices may Biosciences (King of Prussia, PA). The other Boc-protected
occur. They concluded that there is a conformation with a amino acidsN-hydroxybenzotriazole (HOBt),N'-dicyclo-
bend in the middle of the sequence that is populated hexylcarbodiimide (DCC), ang-methylbenzhydrylamine
sufficiently to give rise to the observed NOE interactions. HCI resin were purchased from Applied Biosystems (Foster
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City, CA). B&J brand dichloromethandl-methylpyrrolidone presence of increasing concentrations of unlabeled competing
(NMP), and acetonitrile were obtained from Baxter (McGraw bPTH-(1-34) or analogued—VI. Following incubation,
Park, IL). lodogen was purchased from Pierce Chemical Co. cells were washed twice with PBS and lysed with 0.1 M
(Rockford, IL). [*M]Na was from Amersham Pharmacia NaOH. Radioactivity in the lysate was measured in a
Biotech (Arlington Heights, IL). D-MEM, fetal bovine serum, y-counter (TmAnalytic GammaTrac 1193).
and phosphate buffer saline (PBS) were from Life Technolo-  Adenylyl Cyclase Aaiation AssayStimulation of adenylyl
gies, Inc. Tissue culture disposables and plasticware werecyclase activity by the bPTH-(34) analogues was assayed
obtained from Corning (Corning, NY). All other reagents in stably transfected HEK293/C21 as described bef@8e (
were purchased from Sigma (St. Louis, MO). Briefly, cells were grown to confluence in 24-well culture
Peptide Synthesi®eptides were synthesized by the solid- dishes. They were then incubated with @Gi [*H]adenine
phase methodology?®) on an Applied Biosystems 430A in fresh PBS-supplemented medium at 7 for 2 h and
peptide synthesizer using Boc/HOBt/NMP chemistry and further treated with 1 mM 3-isobutyl-1-methylxantine (IBMX)
p-methylbenzhydrylamine H@esin. General protocols for  in fresh medium for 15 min at 37C. This treatment was
the synthesis, purification, and characterization of peptidesfollowed by 5 min incubation with the corresponding
are reported elsewher23—26). Specifically, the synthesis  analogue. The reaction was terminated by adding 1.2 M
was carried out on a 0.5-mmol scale according to the trichloroacetic acid and neutralizing Wit N KOH. cAMP
following procedure. The resin-bound side-chain protected was isolated by the two-column chromatographic method
Boc[Tyr*4|PTH-(25—-34) was split into two halves and the (30). Radioactivity was measured in a scintillation counter
stepwise synthesis continued to generate resin-bound side{Beckman LS6000IC liquid scintillation counter, Downers
chain protected Boc[NI& NaP3, Tyr*4|PTH-(14—34). At this Grove, IL).
point, the synthesis resumed with aliquots of 0.05 mmol of CD ExperimentsCD measurements were carried out on
resin-bound fully protected 21-residue peptide which was a JASCO J-715 spectropolarimeter interfaced with a PC. The
carried out to completion. The protocol included double CD spectra were acquired and processed using the J-700
couplings, followed by capping with A©, for the following program for Windows. All experiments were carried out at
positions: 11, GIn%, Phé, Nle?, Xxx'1, Yyy'?, ZzZ3 His, room temperature using HELLMA quartz cells with Suprasil

Leu', GIu®, Arg?, Val?!, Lew??, Arg?®, and Vak! (Xxx, Yyy, windows and optical path-length of 0.1 cm. All spectra were
and Zzz represent either the native residues, Leu, Gly, andrecorded using a bandwidth of 2 nm and a time constant of
Lys, respectively, or the substituting-Ala or g-hLeu 2—8 s at a scan speed of 20 or 50 nm/min. The signal-to-

residues). After hydrogen fluoride cleavage, the peptides werenoise ratio was improved by accumulating at least six scans.
purified by preparative reversed-phase high performanceThe helix content of each peptide was estimated according
liquid chromatography (RP-HPLC). Purity exceeded 97% as to the method of Greenfield and Fasm&i)(
determined by analytical RP-HPLC. Structural integrity of  The concentrations of the peptide solutions were deter-
the peptides was confirmed by amino acid analysis and mined by UV absorption measurements with a Perkin-Elmer
electrospray mass spectrometry. Lambda 5 spectrophotometer interfaced with a Perkin-Elmer
Cell Culture.Human embryonic kidney (HEK293) cells Lambda computer. The molar absorbivities values at 276 nm
(27) stably transfected with recombinant hPTH1-receptor of tyrosine and 2-naphthylalanine are 1400 and 43301t M
(HEK293/C21 cell line,~400 000 receptors/cell ratio2®) cm%, respectively. The value of the naphthyl chromophore
were maintained in D-MEM medium supplemented with in the micellar solution was experimentally determined using
10% fetal bovine serum and 2 nM glutamine at°€in a Boc-2-naphthylalanyl-amide.
humidified atmosphere of 95% air/5% @Orhe medium NMR ExperimentdNMR experiments were performed on
was changed every-34 days, and the cells were subcultured a BRUKER AVANCE DMX 600 spectrometer. The meas-
every week. Adenylyl cyclase and radioreceptor binding urements were carried out at 313 K on 1.5 mM peptide
assays were performed on confluent cultures3 Hays after solutions in HO/D,0O 9:1 containing 0.220.36 M deuterated
a change of medium. dodecylphosphocholine (DP@s). The CD spectra of these
RadioiodinationsPTH-(1—34) was radioiodinated and the  solutions were identical to those of the more dilute solutions
crude radioiodinated material was purified as previously used for CD measurements. Tetramethylsilane was used as

described 29). Briefly, 67 ug of peptide in 50uL of internal standard. The water signal was suppressed using the
phosphate buffer pH 7.4 in a borosilicate tube coated with WATERGATE pulse sequencé&2). For each peptide, the
10 ug of lodogen were treated with 2 mCPf]Na for 12 complete assignment of the spin systems was achieved from

min, followed by dilution with 20Q:L of 0.1% trifluoroacetic DQF—COSY (33) and CLEAN-TOCSY 84—35) spectra,
acid (TFA) in water. The pure monoradioiodinated peptide while NOESY experiments3g) were used for sequential
was isolated on an analytical RP-HPLC Vydac Protein C18 assignment. All spectra were acquired by collecting-300
column (The Separation Group, Hesperia, CA) employing a 600 experiments, each one consisting of-88 scans in 2048
linear gradient of 3642% B in A for 30 min (A= 0.1% data points in4z NOE build-up curves were generated for
TFA in water; B= 0.1% TFA in acetonitrile) at a flow rate  different dipolar correlations and found to be linear up to
of 1 mL/min, and monitored at 220 nm. 70 ms mixing time (data not shown). This value was
Competition Binding Assayells were plated in 24-well  therefore used in all NOESY experiments to avoid the
tissue culture dishes (Corning Glass Works, Corning, NY) problem of spin diffusion. To resolve ambiguous and
and grown to subconfluency. The cells were then incubated overlapped NOE peaks in the normal NOESY experiments
for 2 h atroom temperature in fresh PBS supplemented arising from low F1 resolution (6.4 Hz per point), semi-soft
medium (0.25 mL) containing 100 000 cpm-@.1 nM) NOESY 37) experiments with digital resolution of 0.7 Hz
radioiodinated ligand*{3-PTH-(1—34)) in the absence or per point in F1 were acquired. A G4 shaped pulse, centered
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30000

Table 1: Biological Activity of PTH Analogues Substituted at a
Positions 11, 12, and 13 (HEK-293/C-21 cells) 20000
analogue E6 (nM)ab ICs0 (NM)©
[NIe8~18,NaI23,Tyr34]- 0.85+ 0.1 12+ 05 10000 0-073mM  1.08mM  1.42mM
bPTH-(1—34)NH, N

I. [Nle®183-Alatt12Naks3 Tyr34- >1000 >1000 Ok 0
bPTH-(1-34)-NH, (degenf ') i

Il [NIeS183-Alal213NaP3 Ty 8.5+ 15 >1000 10000 |- L
bPTH-(1-34)-NH, r 206268 mM

. [Nle®183-AlallNak3 Tyr3] >500 >1000 -20000 : ‘
bPTH-(l— 34)-NH2 195 200 W 2210 - 240 250
IV. [NIe818h-Lett, NaP3 Tyr] 50+ 15 80 e
bPTH-(1-34)-NH; 30000
V. [Nle388-Alal2, NaP3 Tyrd| 0.7+ 0.07 150+ 13 b
bPTH-(1-34)-NH; 20000
VI. [NIe8188-Ala®, NaP3 Tyr3] 0.3+0.1 23+1
bPTH-(1-34)-NH; 10000 .
0-0.37 mM mi
a Stimulation of adenylyl cyclase activity, 5 min exposure to ligand.
b Emax (fold above basal): 58 7 (parent compound); 4% 2 (Il ); 56 [®1 0 /
+ 2 (V); 55 £ 5 (VI). ¢ Competition of'?9-PTH-(1—34) binding. (deg cm” dmol™)
+10000 1.42-2.38 mM
in the Ho region, was used to replace the first $@rd pulse. 20000 ; ‘ s w .
To verify the compatibility of the distance values obtained 195200 220 20 230

by semi-soft NOESY with the restraints extracted from Heienghion)

TP Ficure 1: CD spectra of analogu# (a), 4.91x 105 M; analogue
SFandar.d NOESY, the effect of t.he offset position in the F1 V (b), 5.22 x 1075 M, in water at increasing concentrations of
dimension on the volumes of integrated cross-peaks wasppc (indicated in the spectra).
examined. The distances extracted from several semi-soft o
NOESY experiments were identical to those obtained from Parent compound generated the weakly binding analogues

normal NOESY, within an accuracy of 5%, attesting a andll . Analoguell, despite its low binding affinity is an
negligible effect of the offset. agonist (about 10 times less potent than the parent com-

pound). The monosubstituted analogiliecontaining g3-Ala
residue at position 11 is devoid of binding affinity and
inactive. Interestingly enough, reintroduction of the Heu
side-chain by insertion of-homeLeu leads to a partial
recovery of biological activity and binding capacity in
analogueV, with EGso and 1G higher by 60- and 6-fold
than the respective values for the parent compound. Analogue
V is about equally potent in the adenylyl cyclase stimulatory
activity and about 12-fold weaker in binding affinity as
compared to the parent compound. Finally, analoylie
compared to the parent peptide, is about 3-fold more potent
and has comparable binding affinity.

CD ResultsThe different sequence modifications intro-
duced in the six analogues do not have major effects on their
chiroptical properties. As an example, the CD spectra of
analoguedll andV recorded in aqueous solution in the
presence of increasing amounts of DPC are shown in Figure

: . X 1. The other analogues exhibit practically the same behavior
2 fs steps). The SA procedure, in which the weights of NOE ;. : :

. (Figures 1 and 2 of Supporting Information). In all cases,
Endzré%nk():o(r:lldeesd(’;(;3r;nnse\;vererﬁ;??ntsjgﬁér;cr?ﬁiﬁcei, x%i;?:izvr\:tedthe set of spectra recorded at increasing detergent concentra-
s%/age thg system wasggooled from 10‘00 t0 100 K in 50 K tions fit the same isodichroic point around 203 nm, typical
decre'ments (10000 cycles, in 1 fs steps). Finally, the of the two component cotithelix equilibrium system. In the
calculation was completed’ with 200 cycles of en’ergy absence of detergent, the CD spectra of the six analogues

minimization using a NOE force constant of 50 keal/mol indicate the presence of a predominantly random conforma-
9 " tion with a small amount of ordered structure, as revealed

RESULTS by the shoulder around 222 nm. Increase of the detergent
concentration above the critical micellar concentration results
Binding Affinity and Ligand-Stimulated cAMP Accumula- in the development of the typical CD pattern of the right-
tion. The results of the biological characterization of the handedx-helix with the classic two negative maxima at 208
analogues, including receptor binding affinity and efficacy and 222 nm. This indicates a shift of the equilibrium in the
in stimulating accumulation of cCAMP, are reported in Table conformer population toward the ordered structure. At
1. Analoguesl , IV —VI were full agonists withemax of about saturation conditions, the maximum helix content is in the
50-fold above basal. Insertion gi-Ala dyads into the range of 36-35% for all analogues. As reported previously
biologically active [NI€8Nak3 Tyr3qbPTH-(1—-34)-NH, (20), these findings confirm that in the aqueous medium the

Interproton distances were obtained by integration of the
NOESY cross-peaks using the AURELIA software package
(38). The calibration was based on the cross-peaks of the
geminal protons of Tyt or Se? set to a distance of 1.78 A.
Addition and subtraction of 10% of the calculated distances
yielded upper and lower bounds. An upper limitdoA was
arbitrarily set for overlapped cross-peaks.

Structure Calculations.Distance geometry (DG) and
molecular dynamics (MD) calculations were carried out using
the simulated annealing (SA) protocol of the X-PLOR 3.0
program 89). For distances involving equivalent or non-
stereo-assigned protonis® averaging was used. The general
procedure of the MD calculations involved a minimization
step of 200 cycles, followed by an SA and a refinement stage.
The SA consisted of two phases: (i) 30 ps of dynamics at
1500 K (10000 cycles, in 3 fs steps); (ii) 30 ps of cooling
from 1500 to 100 K in 50 K decrements (15000 cycles, in
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respect to the corresponding random coil values are shown
in Figure 3. The random cotkCH chemical shifts of Leu
and Phe were used as reference values for Nle and Nal,
respectively. Negative values of the order of 0.1 ppm or
higher, consistent with the presence of thtelical structure
(40), span the N-terminal sequence from®li® His® in

presence of micelles is required to reach the maximum helix analogud and from ll€ to Leu'! in analogudl . The helical
content. The profiles of molar ellipticity values at 222 nm structure in these two analogues is clearly interrupted around
as a function of DPC concentration are shown in Figure 2. the 8-Ala dyads with slightly positive values for Lisand

In the same figure, the results obtained with native PTH- His'4, respectively. Then, the helical structure is resumed
(1—34) are reported for comparison. All curves are S-shaped, starting from Sé#f, spanning the entire C-terminal sequence.
indicative of a cooperative conformational change. The fully There is a minimum around Af¢ which might indicate the
active analogue¥ and VI, which contain a singlg-Ala presence of a bend or kink in the helix. The presence of the
residue at positions 12 and 13, respectively, show profiles bulky aromatic-2-naphthylalanine residue at position 23
very similar to that of the native sequence. Conversely, all could affect the chemical shift of protons in its neighborhood
analogues containing substitutions at positionl11k , and due to the anisotropic effect of the ring current. The values
IV) exhibit consistent shifts of the half-transition points to reported in Figure 3 were obtained by averaging the
higher DPC concentrations, indicating a lower tendency to secondary shifts with those of neighboring residues. Con-

fold into the a-helical conformation. The profile of the
disubstituted analogué, which contains the dyagtAla?>—

sequently, the anisotropic effect should be minimized, and
the minimum around position 20 should be real. The

B-Alat3, is between that of the native sequence and those ofdifference between the secondary chemical shifts otdbel

analogued, Il , andIV. Thus, the conformational change
occurs at lower DPC concentration upon shiftingfkamino
acid residue from position 11 toward the middle of the

protons of the two analogues, shown in Figure 3, yields more
negative values in the N-terminal segment of analolje
indicating a slightly higher stability of the helical structure.

sequence. This is an indication that the enhancement of the The chemical shift differences of tleCH protons of the

conformational preference for the-helical conformation
consequent to the displacemen{gsamino acid residues far
from the N-terminus mainly involves the N-terminal helical
segment.

NMR Results.Examples of the fingerprint regions of

monosubstituted analogué$ andIV with respect to the
corresponding random coil values are shown in Figure 4.
The profiles of the two analogues are very similar and
identify two stretches of helix at the N- and C-terminal
regions of the peptide sequence. The slightly more negative

NOESY spectra of the analogues are shown in Figures 1values observed in the segment Gliis® of analogudV

and 2 of the Supporting Information. The summary of proton
resonance assignments is reported in Table$ bf the
Supporting Information.

(a) Secondary Shifts afH Protons.The chemical shift
differences of thexCH protons of analogudsandIl with

suggest that the presence of the isobutyl side-chain of hLeu
also contributes to the stability of the N-terminal helix.
Noticeably, for both analogues, negative values higher than
0.1 are found also for the Gi§yresidue, which indicates that
the N-terminal helix extends until position 12, comprising
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Ficure 6: Summary of NOESY connectivities of analogluéa) andll (b) in water containing DPC micelles. Peaks are grouped in three
classes, based upon their integrated volumes. Shaded bars indicate nonstandard interactions frapfiniogacid residues.

the g-amino acid residue. The helical structure is clearly  The chemical shift differences of theCH protons of the
interrupted around positions £34, with small, negative = monosubstituted analogu&s and VI with respect to the
chemical shift differences. A minimum is again present corresponding random coil values are shown in Figure 5.
around position 20 of both analogues, interpreted as indica-Also in this case, the profiles are almost overlapping and
tive of a bend or kink of the helix. slightly but distinctly different from those of the other two
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Ficure 7: Summary of NOESY connectivities of analodlle (a) andlV (b) in water containing DPC micelles. Peaks are grouped in three
classes, based upon their integrated volumes. Shaded bars indicate nonstandard interactions ffrapfliniegacid residues.

analogues monosubstituted in position 11. In fact, negative shift of 5-amino acid residues from position 11 or 12 toward
values of the chemical shift differences consistent with the the middle of the sequence enhances the stability of the
presence of the helical structure are spanning the sequenc®&-terminal helix. Interestingly enough, the chemical shift
from lle® to Tyr®% In analogueVl, Gly*? is included in the results indicate that in all monosubstituted analogues, the
helical segment. The minima around positions 13 (much lessGly*? residue (not present in analog\@ and thes-amino
deep than in analogudd andIV) and 20 are compatible  acid residues are included in the N-terminal helical segment.
with the presence of kinks or bends of the helix. The negative (b) NOESY ResultShe patterns of sequential and medium
values of the chemical shift differences observed in the range NOESY connectivities of all analogues relevant for
N-terminal sequence are slightly larger than in analoguesthe assessment of secondary structure are shown in Figures
Il and IV (Figure 5), indicating a higher stability of the 6—8. No long-range connectivities were observed in any of
N-terminal helix. Taken together, the results of chemical shift the analogues reported in the present study. In analdgues
differences presented above support the conclusion based oandll , a number oftxH(i)—H(i+3) interactions, indicative
CD results that in all mono- and disubstituted analogues theof the a-helical conformation, span the N-terminal and



Structure-Function Studies of PTH Analogues Biochemistry, Vol. 41, No. 25, 2008169

a

Al VZ S3 E4 IS Q6 F7 nLX H9 NIO Lll BIZ K13 HM LIS Slb S|7 nl‘j‘ E|9 RZO VZI E22 Nal L24 R25 K26 K27 LZB QZD D30 V}l H32 N33 Y34
dNN(,i+1) el ¢ BN %, %,k % s ¢ ommem ok BN X, ¢ BN e B < ¢ k¢ EENEEN >~ DN
doNGi+1Y ¥ % el ¢ BN D esa—— k<, ¢k W% K e x, % % % % TR

ABNGIH]) e * i * B ¥ el ¥ ¢ ¢ e T ¢ s . ——

dNN(i,i+2) —_—
L

doN(i,i+2) \

doN(i,i+3) '

da(i,i+3) '
l ' [ *

i ' ' * * . 1 '

daN(i,i+4) % , , . *

dBN(.i+3) e —

dBB(i,i+3)

b Al V2 S3 E4 IS Q6 F7 HLEH‘; N!O Lll Glz ﬁlS HM LIS 516 Sl7 nﬂ“ El9 RZO Vzl Ezz Nal LZJ RZS K26 K27 LZH QZ‘) D30 Vsl H32 N33 Y34
dNNG,i+1) ,  meueem « IR - v Elxconllllilll 0 cow « aalfEEEEEEEN ~ . B B

daNG,i+1) > N el * el - B - BN > B ~ ¢ e ¢, % %

apNG,i+1) e B D ¢ S ¢ mmt v Sewmn - S ———

. * ok, k0 ok ee— g 0 % 0 K ' * 1+ * . 0% * *
doN(@,i+2) ) P e L T [ T S S —
' ——— * ' ' * ' * ' * ] * ————
.. ' ] * * 1 * T * ' %* * .
dOlN(l,l+3) — * [ * ' 5 * 1 * ————— * 1 * '
' * ' ' * ‘ ¥* L * * —
] ' * 1 * T — RN * I
doB(i,i+3) —— e . % — .
) ) * ) * ; ) .
* ) * , * ) * * )
— * S———— * ) * ) ‘ * )
doN(i,i-+4) ——— * , * . ——— * ' * '
dBN(,i+3)
dBR(3i,i+3)
Ml <284 mm J<35A — d>35A * overlapped peaks

Ficure 8: Summary of NOESY connectivities of analoguéga) andVI (b) in DPC micelles. Peaks are grouped in three classes, based
upon their integrated volumes. Shaded bars indicate nonstandard interactions ingehritigo acid residues.

C-terminal sequences, along with sequential BHHUH(i+1) C-terminal portions the molecules (Figures§). Again, a
and medium rangeH(i)—HN(i+3) connectivities. However,  higher concentration of, i+3 NOEs is found in the
in the N-terminal region a fewy i+3 cross-peaks are missing. C-terminal sequence Af-Asn®3, indicating a higher stabil-
In the C-terminal region of the two analogues, particularly ity of the helical structure in this region. As compared to
in analogudl, starting from Sér—Nle'8, there is a higher  the doubly substituted analogues, a slightly higher number
number ofi, i+3 NOE connectivities than in the N-terminal  of i, i+2 connectivities, usually indicative of,ghelices or
region and, in the case of analogiealso fouroaH—HN (i, p-turn-like structures, are present in the segment'Asn
i+4) connectivities. The higher concentration of helical His!* comprising the substitution positions 11, 12, and 13.
NOEs indicates a higher stability of the helical structure in Consistent with the chemical shift results, these findings
the C-terminal domains compared to the N-terminal ones. indicate that thgg-amino acid residues are contained within
Consistent with the results of chemical shift differences the N-terminal helical segment.
reported above, in the segment AsnHis'4 comprising the Structure Calculations. (a) Analogues-Il. Distance
B-Ala dyads, there is a lack of helical NOEs, more restraints were derived from integration of the NOESY
pronounced for analogue indicating an interruption of the  spectra and yielded 307 and 372 interproton distances for
helical segment in this part of the sequence. analoguel and Il, respectively (Table 2). Using the SA
In all monosubstituted analoguds—VI, the NOE pattern  protocol of the X-PLOR program previously described, 150
confirms the presence of two helical segments at the N- andstructures were generated, of which 77 &nd 58 (l)



8170 Biochemistry, Vol. 41, No. 25, 2002 Peggion et al.
Table 2: NOE Restraints, Deviations from Idealized Geometry, and Mean Energies of the NMR-Based Structures

analogue | I 1l \% VI

No. of NOEs

total 307 372 338 331 323 257
intraresidue 105 128 135 120 134 112
sequential 113 123 110 108 98 93
ii+nn=234 89 121 93 103 91 52

Mean rmsd from Ideality for Accepted Structures

bonds (A) (4.2:£0.2)x 10° (5.2+0.2)x 103 (7.1£0.2)x 10°% (54+£0.2)x 10°% (7.81£0.19)x 10°% (5.8£0.3)x 103

angles (deg) 0.6% 0.02 0.68+ 0.03 0.71+0.02 0.575+ 0.013 0.72+ 0.02 0.579+ 0.018

improper (deg) 0.4%0.09 0.57+ 0.05 0.67+ 0.05 0.31+ 0.04 0.82+ 0.07 0.38+ 0.05

NOE (A) (8.2+0.4)x 102 (9.9+£0.3)x 102 (11.9+£0.3)x 102 (8.3+0.3)x 102 (11.8+£0.2)x 102 (11.1+0.5)x 102
Mean Energies (kcal/mol) of Accepted Structures

Eoveral 187+ 12 293+ 17 374+ 17 187+ 8 373+ 12 242+ 19

Epond 10.8+ 0.9 156+ 1.4 29.5+£ 1.6 17.2+£ 1.0 36.4+ 1.8 19+ 2

Eangle 61+ 4 75+ 6 81+5 54+ 2 86+ 4 53+ 3

Enoe 103+ 10 184+ 12 241+ 13 111+ 7 223+ 8 159+ 14

Table 3: Average Values of Torsion Anglesy, u, and the Relative Standard Deviations Resulting from the Lowest 20 Energy Structures

Calculated for Analoguekand|l

analogud analogudl
residue ¢ P u residue ¢ P u
Alat 72+ 52 Alat 84+ 30
Val? —179+ 26 254+ 50 VaP 194+ 60 —404 28
Sef —102+ 46 70+ 87 Sef —28+ 34 6+ 51
Glu* 33+ 63 —34+7 Glut —17+ 49 -9+ 30
led —80+ 28 —23+7 led —92+ 22 —42+ 17
GIn —74+11 —33+3 GIrf —76+11 —35+12
Phe —73+4 —31+3 Phe —62+ 10 —41+4
Nle8 —76+3 —33+6 NIe? —62+4 —41+2
His® —62+7 —52+10 Hig —60+ 3 —47+2
Asnto —75+10 —16+ 10 Asnt? —68+6 —12+7
p-Alatt —131+ 22 —131+ 48 79+ 55 Leu?! —116+ 17 4+ 50
pB-Alat? —150+ 74 —139+ 87 85+ 60 B-Alat? —167+ 61 36+ 93 69+ 21
Lyst® —-11+75 —37+19 p-Alatd 120+ 77 —65+ 10 83+ 13
His'4 —94+ 10 11+ 8 His!4 —125+ 6 —14+6
Leuts —137+ 26 —-3+7 Leut® —127+8 —22+11
Sef6 —50+ 75 —22+ 67 Sett —69+ 10 —22+ 30
Sef’ —-51+70 36+ 20 Set’ —77+31 —-23+9
Nlet® —82+ 28 —13+19 Niet® —93+ 13 —47+ 12
Glut® —85+ 22 —24+12 Glu® —52+14 —41+11
Arg?° —89+ 13 —10+ 10 Arg?° —-70+ 11 —-29+3
Val?t —78+ 20 —42+ 49 VaP! —69+5 —33+13
Glu?? —52+ 62 —40+7 Glw? 79+ 11 —40+ 3
Nal? —67+5 —27+5 NaP? —67+4 —26+5
Lew —-79+5 —40+ 4 Lew* —-80+4 —36+3
Arg? —66+ 10 —47+11 Arg?s —60+ 6 —42+ 6
Lys?® —53+ 10 —40+ 6 Lys?® —71+7 —35+6
Lys? —70+7 —36+4 Lys?’ —79+8 —21+10
Lew® —74+5 —27+9 Lewr® —83+ 10 —-31+11
GIn?® —77+12 —294+7 GIn?® —-95+ 14 —11+9
Asp® —84+6 —31+4 Asp?° —83+9 —33+8
Val3t —-75+8 —-13+9 VaPf! —68+ 10 —36+5
His®? —-58+9 —26+ 11 His*? —75+5 —-40+9
Asn® —92+14 8+9 Asn? —-80+8 5+11
Tyrs4 —131+12 Tyrs4 —117+ 25

fulfilled the experimentally determined interproton distances are shown for clarity. The convergence of the C-terminal
with violations lower than 0.5 A (Table 2). The average  and N-terminal sequences to thehelical structure is clearly
andy backbone dihedral angles of two ensembles of the 20 evident.

lowest energy structures, with relative standard deviations, (b) Analogues IH-VI. Integration of the NOESY spectra
are reported in Table 3. Spread of dihedral angles is observedyjielded 338, 331, 312, and 256 interproton distances for
in the 1-6 and 1122 sequences of analoglgand -6 analoguelll , IV, V, and VI, respectively. Following the
and 11-21 sequences of analoglle There is also a large  same protocol described above, 150 structures were gener-
spread of the three backbone dihedral angles, andu ated, of which 471(1), 45 (V), 57 (V), and 40 ¥I) had

of the #-Ala dyads, indicating that there is no convergence violations of the experimentally derived interproton dis-
to a well-defined structure. The superimposition of the tances lower than 0.5 A (Table 2). The average backbone
ensemble of lowest energy structures of analoduasd|| dihedral angles of the 20 lowest energy structures of each
is shown in Figure 9. Only portions of the sequences analogue, with the relative standard deviations, are reported
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14 (Figure 10). The convergence of all structures to a well-
defined conformation in this segment is clearly evident. Most
important, the overlap of the backbone atoms of the
sequences 1014 leads to convergence in the N-terminal

o-helical segments.

DISCUSSION AND CONCLUSIONS

The results presented in this work show that all PTH
analogues, either biologically active or inactive, exhibit the
common structural motif of two helical segments, one at the
N- and one at C-terminus. Our findings confirm that the
presence of these structural elements is a necessary, but not
sufficient, condition for the expression of biological activity
of PTH-(1—34). For all the analogues studied in this work,
the results of NMR analysis and MD calculations are
consistent with a higher stability of the C-terminal helix with
respect to the N-terminal one. The NOE data indicate that
in all peptides approximately 22 amino acid residues, i.e.,
~70% of the entire sequence, are comprised in helical
segments. This helical content is higher than that detected
by the CD analysis and indicates that, in the membrane-
mimetic micellar system, the overall conformation is rather
flexible and that for each analogue there is an ensemble of
conformers in dynamic equilibrium. In such equilibrium
systems, composed of conformers with different helix content
in fast exchange on the NMR time scale, the NOE data
represent the time-averaged situation and overemphasize the
ordered structure content of the whole sequence. Since in
all analogues the C-terminal helix is more stable than the
N-terminal one, most of the structural differences among the
members of the conformer ensembles are very likely located
in the middle and N-terminal regions of the sequences.

In all analogues studied in the present work, the substitu-
tions with S-amino acid residues around position 12 have
significant structural consequences. According to our work-
ing hypothesis, based upon previous work, hinges or flexible
regions around positions 12 and 19 are important structural
features of the bioactive conformation. Insertion of the
FiGURE9: Superimposition of the ensemble of the 20 lowest energy 3-Ala—p3-Ala dyad in analogues and Il increases the
g?(')%éatg? fg;ucéulrisg (?n;‘fg;’@:)eazg'r'mg’s)- vlj/:?gyugae%kki)r?n?he flexibility in the central segment. However, this substitution
superimposition, respectively. Onlyqportions of the sequences are also reduces the §tab|I|ty of_the N-termlna! helix with respect
shown for clarity. to that observed in the native sequence in the same solvent

system {2). The lower stability of the N-terminal helix could
in Tables 4-5. A spread distribution of backbone dihedral be one of the factors responsible for the loss of biological
angles of the ensembles of calculated structures is observedctivity and binding affinity of these two analogues. The
at the N-terminal segments-5 and in the central segments partial recovery of agonistic activity in analoguie could
15-19 of all analogues. Conversely, in all analogues the be in part attributed to the slightly higher stability of the
structural ensembles converge to a relatively well-defined N-terminal helix as compared to that of analogjuelowever,
set of dihedral angles in the sequenced 8, 6-12, 6-13, an additional factor affecting the different biological activity
and 6-14 of analoguefil , IV, V, andVI, respectively, and  of these two analogues is suggested by the results obtained
in the C-terminal portion of sequences starting from position with the monosubstituted analogudi$ —IV, which are
20 of all four analogues. Interestingly enough, in all low structurally very similar. The fact that analodlie containing
energy calculated structures of analogliesto VI, a small B-Alat! is inactive, while partial activity is restored in
spread of the values of dihedral angles is observed for theanalogudV containings-hLeu, underlines the importance
B-amino acid residues, indicating convergence to a well- of the side-chain of Leld for bioactivity. This implies that
defined structure. From the superimposition of the backbonethe lack of the important aliphatic isobutyl side-chain in
heavy atoms of the N- and C-terminal sequences of the position 11 contributes to the elimination of biological
ensembles of lowest energy calculated structures, the con-activity in analogud, containing the3-Alat'*? dyad. This
vergence to twax-helical segments is clearly evident (data conclusion is in line with previous studies on the biological
not shown). An interesting result is obtained from the properties of PTH and PTHrP-derived-34 peptides with
superimposition of the 20 lowest energy structures by swapped residues in position 141f. This modification
overlapping the backbone heavy atoms of the sequenee 10 removed residual agonist properties from the PTHrP/PTH
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Table 4: Average Values of Torsion Anglés iy, u, and the Relative Standard Deviations Resulting from the Lowest 20 Energy Structures
Calculated for AnalogueBl andIV

analogudll analogudV
residue ¢ Y u residue ¢ P u
Alat 37+ 84 Alat 101+ 62
Val? 5+8 —59+ 19 VaP 51+ 42 —-50+4
Sef —163+ 35 110+ 77 Sef —151+ 78 172+ 83
Glu* —53+52 —2+26 Glu —66+ 88 44+ 46
lle® —112+ 26 —20+9 led —76+ 33 —-32+3
GIn® —-72+6 —24+3 Glnf —42+2 —-34+7
Phe —-80+3 —-16+1 Phé —65+ 10 —28+3
Nled —93+2 —36+2 Nle? —79+4 —27+5
His® —66+4 —40+ 2 His® —86+5 —-31+3
Asnt0 —-90+4 —-17+9 Asnt0 —86+ 2 —-19+1
B-Alalt —116+ 10 —90+ 10 67+ 3 hLeu! —140+ 2 —-127+1 113+1
Gly?2 —45+ 6 —35+12 Gly*2 —63+3 —27+4
Lyst? —80+ 18 —-8+9 Lys'® —-52+5 —-22+8
Hist —123+ 12 15+ 7 His'4 —95+7 947
Leuts —-78+21 -8+ 30 Leu® -85+ 14 —-20+9
Sefé —86+ 53 5+9 Sett —77+19 —28+12
Sett’ —143+ 43 34+ 8 Set’ —65+21 —28+15
Nleté —124+ 45 =177+ 50 Nlete —80+ 22 —-25+11
Glut® —100+ 104 —58+ 17 Glu® —90+ 18 —3+16
Arg?° —66+ 14 —24+6 Arg® —101+ 4 —7+2
Val?t —87+6 —39+2 Valt —102+ 10 —52+7
Glu?? —55+2 —23+5 Glw? —61+6 —30+ 13
Nal? —76+4 —-26+1 NapP? —66+ 12 —38+9
Lew* —84+2 —47+1 Lew?* —-82+9 —47+ 4
Arg?® —54+2 —26+ 45 Arg?® —61+5 —34+3
Lys?® —87+7 —14+3 Lys?® —-70+7 —27+6
Lys? -84+4 -30+4 Lys¥ -94+7 —23+4
Lew® —87+4 —41+3 Lew® —-87+5 —-31+2
GIn?® —64+3 —26+7 Glre® —-78+7 —28+4
Asp® —84+3 —30+8 Asp*° —85+5 —26+4
Val3t —77+4 —154+3 Vals! -84+ 4 —-16+3
His®? —84+8 —-15+1 His®? —-91+9 —-20+7
Asn® —103+ 8 3+1 Asr?® —102+ 12 —-3+7
Tyrs4 —86+6 Tyr34 —110+ 28

point-mutated hybrid and converted it into a pure antagonist, position 12 of PTH-(+34) is on the structure of the
while the opposite effect was observed for the PTH/PTHrP N-terminal segment. The results presented here underline the
point-mutated hybrid (conversion from a pure antagonist to importance of the stability of the N-terminal helix as a
a weak, partial agonist). structural determinant for bioactivity and also the relevance
The structural effects of insertion of a singleAla residue ~ of the Led* side-chain, presumably involved in an hydro-
in a helical sequence have not been systematically investi-phobic interaction with a complementary site of the PTH1
gated. Quite recently, Benedetti and co-workdid étudied receptor.
linear tri-, tetra- and pentapeptides containing alternating In none of the NOESY spectra of the analogues studied
L-Leu andB-homoL-Leu sequences. In solvent systems such in the present work were long-range connectivities detected
as CDCN or TFE/HO 80:20 (v/v) these compounds were between residues comprised within the two helical segments.
found unordered, as expected for such short linear peptidesThus, consistent with the results of our previous wa@k(
However, these authors concluded that in the solid state thel9—21), these findings do not provide any evidence for the
overall conformation of the unprotected tripeptide H-teu  proposed U-shaped tertiary structure as the bioactive con-
Leu—Leu-OH is not affected by the insertion gthomo formation (L3), at least in the membrane-mimetic solvent
L-Leu in position 2. Well-defined and stable helical confor- medium used in our work.

mation_s different_fr_om thex-helix were observed in oligo ~ Taken together, the results presented in this paper are
p-peptides containing stereogenic centers or constraints inconsistent with our working hypothesis of the importance
the peptide backbonet8, 44). of hinges or flexible regions connecting the N- and C-

Interestingly, our NMR and structural calculations results terminal helices. The nonhelical flexible segment connecting
showed that the insertion of a singkeamino acid residue  the two helical segments is present and shifted to the
around position 12 does not reduce the ordered structure insequence following position 13.
this segment of the sequence. In analogiieslV, andVI, In two recent papers, it was proposed that PTH-34)
the f-amino acid residue is comprised in a helical segment analogues bind to the receptor in an extended helical
which includes GI§?. Thus, in our case, the presence of a conformation 45, 46). Condon et al.45) carried out a CD
single f-amino acid residue is compatible with the helical study on several potent agonists of hPTH-8IL) and hPTH-
structure around position 12. (1—34), constrained by Ly#fto-Asp(+4) side-chain-to-

In conclusion, in the present paper we have shown thatside-chain lactam bridges. They observed that the lactam
the main effect of the substitutions wjfhamino acids around  constraints enhance, as expected, the stability ofithelical
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Table 5: Average Values of Torsion Anglés i, u, and the Relative Standard Deviations Resulting from the Lowest 20 Energy Structures
Calculated for Analogue¥ andVI

analogueV/ analogueV|
residue ¢ Y u residue ¢ Y u
Alat 88+ 70 Ala 95+ 78
Val? -39+ 23 —35+ 16 VaP —104+ 29 168+ 77
Sef —75+ 44 —11+ 56 Sef —170+ 74 76+ 76
Glu* —51+48 13+ 5 Gl 37+ 62 —42+ 14
led —108+ 10 —38+2 led —86+ 11 —25+8
GIn® —76+3 —-29+9 GIrf —80+ 10 —23+5
Phe —75+9 -37+1 Phé —86+3 —37+3
Nle® —84+3 —14+2 Nle? —73+4 —31+6
His® —97+4 —41+ 10 His —65+ 4 —24+4
Asnt0 —55+4 -30+5 Asnt0 —91+9 —444+7
Leutt —98+3 —-12+7 Leutt —60+ 11 —20+7
pB-Alat? —137+8 —103+5 81+ 2 Gly*? —92+6 —-32+11
Lys®® —62+7 —28+2 p-Alat? —-121+6 —110+ 12 90+ 8
His'4 —63+ 13 —17+15 His4 —57+6 —14+5
Leu'® —70+ 31 —-10+ 31 Leu® —98+ 24 —31+16
Sef6 —96+ 45 —-18+21 Sett —106+ 15 37+ 6
Set’ —108+ 24 —13+10 Set’ —62+ 14 —72+70
Nlet® —724+15 —12+6 Nlet8 —25+45 —29+5
Glut® —68+ 31 —-56+ 11 Glut® —56+ 13 —-32+19
Arg?° —52+12 —35+3 Arg® —75+ 19 —-18+ 17
Val —76+7 —34+2 Valt —69+ 15 —45+ 10
Glu?? —54+1 —-25+0 Glw? —65+7 —-19+9
Nal?® —77+1 —37+2 NapP? —-82+7 —42+1
Lew?* —64+2 -35+1 Lew* —72+7 —54+5
Arg? —66+ 2 —41+1 Arg? -50+5 —24+3
Lys?® —71+2 —27+1 Lys?® —58+9 —33+4
Lys?” —77+6 —37t4 Lys*’ —96+ 14 -20+21
Lew® —76+5 —34+4 Lew® —74+ 36 —30+ 13
GIn®® —67+8 —23+7 GIr?® —96+ 36 —3+28
Asp® —84+5 —-14+2 Asp© —79+ 16 —20+ 17
Val3! —110+1 —12+1 Valt —84+7 —13+7
His®? -89+ 4 —20+4 His®? —80+ 33 -8+ 14
Asn® —95+7 2+1 Asr?d —104+ 42 6+ 3
Tyrd# —94+ 16 Ty’ —104+ 14

conformation in aqueous solution containing 20% aceto- The structure of the PTH1-rc-(24284), derived from the
nitrile. The most constrained analogue, tricyfllys®— first extracellular loop, comprises threehelices located in
Aspl’, Lys!'®—Asp??, Lys?—Asp*lhPTH-(1-31) is com- the sequences 2444, 256-264, and 275284. From
pletely in the o-helical conformation in this medium. nitroxide radical-induced relaxation studies, the authors found
Addition of 40% TFE to this solvent mixture causes complete that the second helix lays on the surface of the membrane-
folding of all analogues into thew-helical conformation. mimetic micelle. Taking into account these structural fea-
Surprisingly, in this solvent mixture, these authors report for tures, the authors4{) also identified the intermolecular
the tricyclo-constrained analogue, a molar ellipticity value interactions consistent with the contact point betweerftleu
[©]%% of —44,500, while the reference value reported in (receptor) and LyZ (ligand) found by Greenberg et a#q).
the literature for completely helical peptide sequences is of In the proposed model, the C-terminal helix of PTH-(1
—34 000 ellipticity units 81). In our opinion, the CD data  34) and the 256264 helix of the receptor are in close
alone are insufficient to claim that these PTH analogues existproximity and oriented in an antiparallel fashion. In this
in an extended helical, receptor-binding conformation. In our partial ligand-receptor model, the ligand adopts a conforma-
previous studies on PTH-(134) and PTHrP-(£34) ana- tion in which the two N- and C-terminal helices are roughly
logues in different solvent systentsX-21), the helix content ~ in the same orientation, although not precisely aligned.
found in TFE was always much higher than in the DPC Again, these findings do not support a U-shaped structure
micellar system. In TFE, 7580% helix content was as the bioactive conformation of PTH-(B4) and PTHrP-
observed either in active or inactive analogues. However, to (1—34).
reveal the possible presence of hinges or flexible points at Finally, Jin et al. 46) recently reported the crystal structure
specific locations of the highly constrainedo-i+4 lactam of hPTH-(1-34) at 0.9 A resolution. They found that the
containing analogues, a detailed NMR analysis was neededhormone fragment crystallizes as a long helical dimer. The
On the basis of recent literature, it is possible that the two overall structure of hPTH-(34) is a slightly bent helix,
N- and C-terminal helices of the ligand in the receptor-bound with the bend located between residues 12 and 21*@&y
state have roughly the same orientation. Mierke et&d, (  in a strict helical conformation in the crystal structure. From
48), on the basis of structural studies by NMR and MD their findings and from the fact that replacement of Bly
calculations on peptides derived from the first extracellular with the helix promoters Ala and Aib is biologically well
loop and from the N-terminal extracellular domain in tolerated, whereas substitution with the helix breakers Pro
proximity to the first transmembrane domain of the receptor, and Sar is not50), Jin et al. concluded that the helical
recently proposed a model of the bioactive conformation. conformation around GI is essential for full biological
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a

Ficure 10: Superimposition of the ensemble of the 20 lowest energy calculated structures of atlqagydV (b), V (c), andVI (d).
Heavy backbone atoms of the sequence 14 comprising thgs-amino acid residue were used in the superimposition. The carbonyl groups
of residues 6 and 13 are indicated in each ensemble.

activity. On the basis of the results presented here and in To further assess the role of local structure around
previous work, the hypothesis that the crystal structure might positions 12 and 19 of PTH-{434), we have designed new
represents the bioactive conformation of PTH-84) when analogues containing either Aib residues around position 12
interacting with its cognate membrane receptor is, in our or -amino acid residues around position 19. The results of
opinion, questionable. The environment experienced by thebiological evaluation and conformational analysis of these
peptide chain in the crystal is rather different from a analogues will be reported in the future.

membrane or membrane-mimetic environment and, in the
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